Cadmium (Cd) is a toxic heavy metal that may cause neurological disorders. We studied the mechanism underlying Cdmediated cell death in neuronal cells. In Cd-induced neurotoxicity, caspase-3 was only modestly activated, and accordingly, zVAD-fmk, a pan-caspase inhibitor, partially attenuated cell death. However, pretreatment with Necrox-2 or Necrox-5, two novel necrosis inhibitors, suppressed cell death more markedly compared with pretreatment with zVAD-fmk. Moreover, the necrosis inhibitors did not prevent cleavage of caspase-3. These results indicate that caspase-independent necrosis is more prevalent in Cd-induced neurotoxicity. Bcl-2 and adenovirus E1B-19 kDainteracting protein 3 (BNIP3) has been reported to be related to caspase-independent cell death. Cd treatment caused a dramatic upregulation of BNIP3 mRNA and protein levels in vitro and in vivo. Furthermore, knockdown of BNIP3 greatly inhibited Cdinduced cell death. Importantly, BNIP3 RNAi decreased lactate dehydrogenase release and the percentage of propidium iodidepositive cells, two markers of necrotic cell death due to rupture of the cell membrane, whereas it had no effect on activation of caspase-3 in Cd-treated cells. These data suggest that BNIP3 mediates caspase-independent necrosis, but not apoptosis. Moreover, our results indicate that induction of BNIP3 by Cd may not be related to HIF-1 which is generally regarded as a mediator responsible for BNIP3 expression. Finally, we show that mitogenactivated protein kinases (MAPKs) are activated by Cd in vitro and in vivo; ERK and JNK promote BNIP3 upregulation and subsequent necrosis. Taken together, our results suggest BNIP3, upregulated by activation of ERK and JNK, mediates Cd-induced necrosis in neuronal cells.
posure elicits learning disabilities (Pihl and Parkes, 1977) . In adult workers exposed to Cd, neurobehavioral defects such as the slowing of psychomotor speed are found; meanwhile workers are increasingly complaining about problems with equilibrium and ability to concentrate (Ciesielski et al., 2013; Viaene et al., 2000) .
Cd-induced neurotoxicity includes cell death, neurobiochemical changes (neurotransmitters and receptors), and physiological/behavioral changes (Giusi et al., 2010; MendezArmenta and Rios, 2007; Simonsen et al., 1994) . Depending on the cell type, Cd causes two forms of cell death: caspasedependent apoptosis and caspase-independent necrosis (Chen et al., 2008; Krumschnabel et al., 2010) . In neuronal cells, both apoptosis and necrosis can be induced by Cd (Chen et al., 2008; Lopez et al., 2003) . Several studies have reported possible mechanisms of cytotoxicity in Cd-exposed neuronal cells (Chen et al., 2011; Kim et al., 2005; Lopez et al., 2006) , which include generation of reactive oxygen species and the activation of mitogen-activated protein kinases (MAPKs) and mammalian target of rapamycin. However, the contribution of apoptosis or necrosis to Cd-induced neurotoxicity remains unclear. Moreover, the molecular mechanism underlying Cd-induced neuronal necrosis is unknown.
BNIP3 (Bcl-2 and adenovirus E1B-19 kDa-interacting protein 3), a member of the BH3-only subfamily of Bcl-2 family proteins, plays a critical role in cell death. It is widely involved in many pathological processes, such as cardiomyocyte hypertrophy and atrophy (Cao et al., 2013; Chaanine et al., 2012) , cancer progression (Lin et al., 2013) and hypoxia/ischemia in nervous system (Li et al., 2013) . Recently, BNIP3 has been reported to be closely related to Huntington's disease (HD), in which it abnormally accumulates in muscle cells from patients with HD and in brain tissue in HD mouse models (Sassone et al., 2010) . Growing evidence shows that BNIP3 induces caspaseindependent cell death (Chaanine et al., 2012; Li et al., 2013) . Furthermore, BNIP3 is induced by toxins including cyanide and cobalt, and mediates caspase-independent cell death in response to these stimuli (Vengellur and LaPres, 2004; Zhang et al., 394 WANG ET AL. 2007a). However, it is unknown whether BNIP3 plays a role in Cd-induced neurotoxicity and which form of cell death it mediates.
MAPKs are important molecules involved in Cd-induced neurotoxicity (Chen et al., 2008; Kim et al., 2005; Thevenod and Lee, 2013) . MAPKs are composed of a signaling cascade of serine-threonine kinases. The mammalian MAPK family consists of ERK (extracellular signal-regulated kinase), p38, and JNK (c-Jun NH2-terminal kinase). Various observations suggest that MAPKs contribute to neuroinflammatory responses and neuronal death in neurodegenerative diseases (Kim and Choi, 2010) . Although MAPKs appear to be important in Cd-induced neurotoxicity, their downstream effectors are not clearly understood.
Here, we demonstrate that BNIP3 is a mediator of caspaseindependent necrosis induced by Cd in neuronal cells and that BNIP3 expression is regulated by ERK and JNK.
MATERIALS AND METHODS
Cell culture and reagents. SH-SY5Y and PC12 cell lines were from the Type Culture Collection of the Chinese Academy of Sciences (CAS, Shanghai, China). SH-SY5Y were grown in RPMI 1640 media supplemented with 10% fetal bovine serum (FBS). PC12 cells were cultured in Dulbecco's Modified Eagle Medium supplemented with 10% horse serum and 5% FBS. Cells were maintained in a humid incubator (37
• C, 5% CO 2 ). Cadmium chloride and cobalt chloride were purchased from Sigma-Aldrich Inc. (St Louis, MO). Necrox-2 and necrox-5 were purchased from BioVision Inc. (Milpitas, CA). z-VADfmk was supplied by Enzo life sciences Inc. (NY). BNIP3 antibody was purchased from Santa Cruz Biotechnology Inc. (TX). HIF-1␣ antibody was purchased from BD Biosciences (San Jose, CA). All the other antibodies and MAPK inhibitors were purchased from Cell Signaling Technology Inc. (Danvers, MA).
Animals and Cd exposure. Male BALB/c mice (20-25 g), were obtained from the Animal Center, Southern Medical University (Guangzhou, China) and maintained at room temperature (20-25
• C) on a 12-h light/dark cycle, with food and water ad libitum. Twenty mice were randomly divided into two groups (10 mice/group) including control and Cd treatment group. Mice were treated using a protocol with some modifications referring to published report . In brief, two groups received one intraperitoneal (ip) injection of Cd solution daily (1 mg/kg in saline) or equivalent saline, respectively for 2 weeks. All animals were handled in accordance with the international standards of animal care guidelines (Guide for the Care and Use of Laboratory Animals) and were approved by the Institutional Animal Care and Use Committee of Southern Medical University.
Cell death, PI staining, and LDH assay. Cell death induced by Cd was measured by the Trypan blue exclusion method. For the determination of propidium iodide (PI)-positive cells, cells were incubated with PI for 5 min and then photographed using a fluorescence microscope. A minimum of 500 cells per experiment were counted by three different pathologists. Release of lactate dehydrogenase (LDH) from cells into the culture medium was determined using a LDH assay kit (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China).
Real-time RT-PCR. Total RNA was isolated using TRIzol as described by the manufacturer (Invitrogen), followed by treatment with RNase-free DNase I. Two-step RT-PCR was carried out as follows. Total RNA (1 g) was reverse transcribed to obtain cDNA using PrimeScript Reverse Transcriptase (Takara), according to the manufacturer's instruction. The cDNA fragments were stored at −20
• C for further PCR analysis. Real-time PCR was carried out on a Mx3005P instrument (Stratagene) using a SYBR Premix Ex Taq kit (Takara). Primers for BNIP3 (5 -3 ): Forward primer: AGCATGAGTCTGGACGGA; reverse primer: AGCCCTGTTGGTATCTTGTG. Primers for VEGF and actin were published in our previous report (Wang et al., 2009) . Gene expression was quantified using a modification of the 2 − CT method (Livak and Schmittgen, 2001 ).
Knockdown of BNIP3.
Four specific siRNAs against BNIP3 at different sites in the coding sequence were obtained from GenePharma Co. and are listed as follows (SH-SY5Y cells): siRNA-1 sense strand: GGAAAGAAGUUGAAAGCAUTT and antisense strand: AUGCUUUCAACUUCUUUCCTT; siRNA-2 sense strand: CCAUAGCAUUGGAGAGAAATT and antisense strand: UUUCUCUCCAAUGCUAUGGGT; siRNA-3 sense strand: UGAGGAAGAUGAUAUUGAATT and antisense strand: UUCAAUAUCAUCUUCCUCAGA; siRNA-4 sense strand: UGAUAUUGAAAGAAGGAAATT and antisense strand: UUUCCUUCUUUCAAUAUCAUC. The sequence of siRNA for PC12 cells referred to published report (Zhang et al., 2007a) . Scrambled siRNA was used as a negative control (NC). NC sense strand: UUCUCCGAACGUGUCACGUTT and antisense strand: ACGUGACACGUUCGGAGAATT.
SiRNA was introduced into cells using Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions.
Western blot analysis. Proteins were separated by 10% SDS-PAGE. Membranes were incubated for 1 h at room temperature in blocking buffer, then incubated overnight at 4
• C in blocking buffer containing primary antibody, and then washed three times before horseradish peroxidase-conjugated secondary antibody was applied for 1 h at room temperature. Bound antibody was evaluated using an enhanced chemiluminescence detection system.
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Determination of Cd levels in brain tissues. We used a protocol with some modifications according to published reports Gopee et al., 2009) . 0.15 g brain tissues were digested with 3 ml HNO 3 and 0.5 ml of 30% H 2 O 2 in a microwave reaction system (Mars xpress, CEM Corp.) for 20 min at 190
• C. Then the digestion tubes were incubated on an electric hot plate at 100
• C until the liquid was completely evaporated. The samples were finally adjusted to 2 ml using 0.2% HNO 3 for assay. The levels of Cd were determined through the quadrupole ICP-MS (inductively coupled plasma mass spectrometry) (XSERIES 2, ThermoScientific). Recovery was established using Cd standard with quantification of 112 Cd and 114 Cd. The ICP-MS was optimized using 115 In. The limit of detection for Cd was 3 pg/ml.
Statistical analysis.
Results were expressed as the mean ± SD. A Student's t-test was used to determine the statistical significance of difference in values between two groups. One-way ANOVA was used for statistical analysis of difference in values among multiple groups. A value of p < 0.05 was considered significant.
RESULTS

Cd Induces Neuronal Cell Death Primarily Through
Caspase-Independent Necrosis SH-SY5Y and PC12 cells were chosen for the study of Cdinduced neuronal cell death. As shown in Figure 1A , treatment with Cd for 24 h caused a concentration-dependent increase of neuronal cell death. To further determine the contribution of apoptosis or necrosis to Cd-induced neurotoxicity, cells were pretreated with either a pan-caspase inhibitor (zVAD-fmk) or two necrosis inhibitors (Necrox-2 and Necrox-5), respectively. Then caspase-3 and PARP (neuronal apoptosis markers (Chen et al., 2008; Yakovlev et al., 2001) ), LDH release due to necrosis (Kim et al., 2011; Lopez et al., 2003) , and cell death were analyzed. Cd modestly activated caspase-3 and PARP (poly(ADPribose) polymerase) in neuronal cells (Fig. 1B) . Consistently, pretreatment of cells with 100M zVAD-fmk only partially inhibited Cd-induced neuronal cell death (Fig. 1D) , though zVAD-fmk prevented cleavage of caspase-3 (Fig. 1C) . Furthermore, 0.3M Necrox-2 or 0.1M Necrox-5, did not prevent cleavage of caspase-3 (Fig. 1C ), but suppressed cell death more significantly compared with zVAD-fmk (Fig. 1D) . Moreover, Cd-induced LDH release due to necrosis was more markedly inhibited by Necrox-2 or Necrox-5 compared with zVAD-fmk (Fig. 1E) . These results indicate that Cd induces both caspasedependent apoptosis and caspase-independent necrosis in neuronal cells and among the two types of cell death, necrosis is the more prevalent pathway.
Cd Induces BNIP3 Gene and Protein Expression in Neuronal Cells
To determine whether Cd affects BNIP3 expression, realtime RT-PCR and Western blot analysis were performed. As shown in Figure 2A , Cd induced BNIP3 gene expression in a time-and concentration-dependent manner. In response to 20M Cd treatment, BNIP3 gene expression increased at 12 h, and was further elevated over a 48-h observation period. Consistent with gene expression, BNIP3 protein levels drastically increased in a concentration-and time-dependent manner after Cd exposure (Figs. 2B and 2C ). The multiple BNIP3 protein bands form due to proteolysis (Vengellur and LaPres, 2004) and have been thought to be indicative of cellular stress (Chen et al., 1997) . Moreover, Co (cobalt, a known BNIP3 protein inducer (Vengellur and LaPres, 2004) ) led to a similar protein band pattern (Fig. 2C) . Furthermore, a mouse model treated with Cd (1 mg/kg daily, ip) for 2 weeks was used to ascertain whether Cd induces BNIP3 expression in vivo. Cd treatment increased the levels of Cd in mouse brain tissues (Fig. 2D) . Importantly, the same treatment induced BNIP3 expression in mouse brain such as cortex and hippocampus (Fig. 2E) . These results suggest that Cd exposure strongly induces BNIP3 expression in transcriptional and translational level.
Knockdown of BNIP3 Inhibits Cd-Induced Necrosis
To address whether BNIP3 is involved in Cd-induced neurotoxicity, chemically synthesized siRNAs against BNIP3 were introduced into neuronal cells. Four siRNAs were screened and Western blot analysis showed siRNA-1, siRNA-2, or siRNA-3 had little effect on downregulating BNIP3 protein expression induced by Cd. However, BNIP3 protein levels in cells transfected with siRNA-4 were reduced to 4.5% of that found in cultures transfected with NC siRNA in Cd-exposed SH-SY5Y cells (Fig.  3A) . Furthermore, the inhibitory effect of siRNA-4 on BNIP3 protein expression was dose dependent (Fig. 3B) . More importantly, transfection with siRNA-4 also reduced Cd-induced cell death in a dose-dependent manner (Fig. 3C) . Consistent with the cell death data, release of LDH into the culture medium and percentage of PI-positive cells due to necrosis were also greatly inhibited by RNAi (Figs. 3D and 3E) . Thus, BNIP3 is a critical mediator for Cd-induced necrosis.
HIF-1 is not Involved in Upregulation of BNIP3
HIF-1 (hypoxia inducible factor 1) is an important transcription factor, which facilitates BNIP3 upregulation induced by hypoxia and certain toxicants (Kothari et al., 2003; Vengellur and LaPres, 2004; Zhang et al., 2007a) . To determine the association of BNIP3 upregulation and HIF-1 pathway, we measured HIF-1␣ protein expression and VEGF (vascular endothelial growth factor) gene expression. We found that Co (a positive control) strongly increased HIF-1␣ protein expression over time in SH-SY5Y cells (Fig. 4A) . However, protein bands corresponding to HIF-1␣ could not be detected at any time after Cd exposure ( Fig. 4A) . Moreover, VEGF, a well-known target gene of HIF-1, was upregulated significantly by Co (Fig. 4B) . However, similar effects were not observed in Cd-exposed neuronal cells (Fig.  4B ). These data indicate that regulation of BNIP3 expression is not related to the HIF-1 pathway in Cd-treated cells.
ERK, JNK, and p38 Differentially Regulate BNIP3 Expression and Cell Death
MAPKs are kinase systems, which contribute in part to Cdinduced neuronal cell death. We, therefore, investigated activation of MAPKs after Cd treatment. Cd treatment activated MAPKs in mouse brain (Fig. 5A) . In vitro, we found that ERK, p38, and JNK were activated at different times by Cd (Fig. 5B) . ERK was activated; levels peaked at 1 h and returned to basal levels within 8 h. p38 was activated progressively and remained elevated for 8 h. Phosphorylation of JNK was not increased until 4 h, but rapidly reached a peak at 4 h. These observations suggest Cd induces activation of MAPKs in vitro and in vivo.
To further assess the effects of MAPKs on BNIP3 upregulation and subsequent cell death, cells were exposed to Cd after pretreatment with a MEK (upstream kinase of ERK) inhibitor U0126, JNK inhibitor SP600125, or p38 inhibitor SB203580 for 30 min. Notably, pretreatment with U0126 or SP600125 suppressed BNIP3 upregulation and subsequent cell death (Figs. 5C and 5D). However, pretreatment with SB203580 did not affect BNIP3 expression at any time after Cd exposure, but it augmented Cd-induced cell death (Fig. 5E ). These findings indicate activation of ERK and JNK participate in BNIP3 upregulation and subsequent cell death. In contrast, p38 promotes cell survival.
The Effects of the MAPK/BNIP3 Pathway on the Activation of Caspase-3
To determine the effects of the MAPK/BNIP3 pathway on caspase-dependent apoptosis, neuronal cells were pretreated with each MAPK inhibitor or transfected with siRNA, and then cleaved caspase-3 was detected after Cd exposure. As shown in Figure 6A , pretreatment with U0126 inhibited cleaved caspase-3 induced by Cd. In contrast, pretreatment with SB203580 augmented cleavage of caspase-3 in Cd-exposed neuronal cells. Pretreatment with SP600125 had little effect on cleaved caspase-3. Moreover, transfection of siRNA against BNIP3 did not affect cleavage of caspase-3 induced by Cd in neuronal cells (Fig. 6B) . Thus, ERK participates in the activation of caspase-3, whereas JNK and BNIP3 do not have similar effects; p38, however, can inhibit the activation of caspase-3.
DISCUSSION
Cd, a toxic heavy metal, may cause neurological disorders. Consistent with several reports (Chen et al., 2014; Kim et al., 2005) , we found that Cd induced cell death in SH-SY5Y and PC12 neuronal cells. In terms of the type of cell death, Cd modestly increased proteolytic cleavage of caspase-3 and PARP in neuronal cells. Accordingly, zVAD-fmk, a pancaspase inhibitor, slightly attenuated Cd-induced cell death. These findings indicate that most cells do not die by caspasedependent apoptosis but rather by a caspase-independent cell death process, such as necrosis. Therefore, we used Necrox-2 and Necrox-5, two necrosis inhibitors which can prevent oxidative stress-induced necrotic cell death , to ascertain the contribution of necrosis to Cd-induced neurotoxicity. Pretreatment of neuronal cells with Necrox-2 or Necrox-5 did not prevent cleavage of caspase-3, but suppressed cell death and LDH release due to necrosis more significantly compared with pretreatment with zVAD-fmk. These findings indicate that Cd induces both apoptosis and necrosis in neuronal cells and that of the two types of cell death, necrosis is the more prevalent pathway.
There is a link between BNIP3 and caspase-independent cell death (Vengellur and LaPres, 2004; Zhang et al., 2007a) . However, a previous report showed Cd did not seem to upregulate BNIP3 protein expression in mouse embryonic fibroblasts (Vengellur et al., 2011 ). In the current study performed in neuronal cells, we show for the first time that Cd substantially induces upregulation of BNIP3 mRNA and protein levels in vitro and in vivo. BNIP3 expression was concentration-and timedependent in neuronal cells exposed to Cd. Moreover, Co (a known BNIP3 protein inducer (Vengellur and LaPres, 2004) ) led to a similar pattern of protein bands in these cells, further supporting the notion that Cd upregulates BNIP3 expression. Although BNIP3 functions as a prodeath factor, whether it contributes to Cd-induced cell death in neuronal cells is unknown. We used RNAi technology to ascertain the effect of BNIP3 on Cd-induced neurotoxicity. Knockdown of BNIP3 markedly decreased LDH release and the percentage of PI-positive cells, which are markers of necrotic cell death due to rupture of the cell membrane (Kim et al., 2011; Lopez et al., 2003) . However, RNAi of BNIP3 (Fig. 6B ) had no effect on the cleavage of caspase-3 which plays an important role in the regulation of apoptosis in nervous system (Chen et al., 2008; Yakovlev et al., 2001) . These data suggest BNIP3 mediates caspaseindependent necrosis, but not apoptosis. Activated BNIP3 is recruited to mitochondria and induces the membrane permeability transition (MPT), which results in release of endonuclease G (EndoG) from mitochondria (Nakamura et al., 2012) . Then EndoG translocates to the nucleus and elicits caspase-independent cell death (Zhang et al., 2007b) . However, BNIP3-induced cell death may also be independent of the MPT (Quinsay et al., 2010) . These reports imply BNIP3 triggers cell death via multiple pathways, which is an area that needs further study.
HIF-1 is a master transcription factor in hypoxia and regulates the expression of a series of genes (Semenza, 2003) . HIF-1␣ binds directly to a HIF-1-responsive element consensus sequence located in the proximal promoter of BNIP3, and thereby activates expression of BNIP3 (Bruick, 2000; Kothari et al., 2003) . In addition, certain toxicants, such as cyanide (Zhang et al., 2007a) and cobalt (Vengellur and LaPres, 2004) , induce BNIP3 expression by HIF-1 activation. Consistent with previous reports, we found that the HIF-1 pathway was activated when cobalt upregulated BNIP3 expression in neuronal cells. This was confirmed by the findings that: (1) HIF-1␣ accumulated as early as 1 h after Co exposure; (2) VEGF, a well-known target gene of HIF-1␣, was upregulated. These data suggest that, in cobalt-treated neuronal cells, BNIP3 expression is linked with HIF-1␣ activation. However, Cd strongly induced BNIP3 expression without simultaneous HIF-1␣ accumulation and VEGF upregulation in neuronal cells. Thus, induction of BNIP3 by Cd may not be related to the HIF-1 pathway. Our hypothesis is in agreement with several reports that show upregulation of BNIP3 expression is independent of HIF-1 in cell death processes induced by TNF (Kim et al., 2011) , nitric oxide , and manganese (Prabhakaran et al., 2009) .
MAPKs can regulate gene expression (Whitmarsh, 2007) and are reported to play an important role in Cd-induced neurotoxicity (Chen et al., 2008; Kim et al., 2005; Thevenod and (a JNK inhibitor) for 30 min and the protocol was followed as described in (C). *p < 0.05 versus Cd group. (E) SH-SY5Y cells were exposed to Cd at indicated times after preincubation with 10M SB203580 (a p38 inhibitor) for 30 min and the protocol was followed as described in (C). *p < 0.05 versus Cd group. All results are representative of three independent experiments. 2013). In line with previous reports, we found that ERK, p38 and JNK were activated by Cd in neuronal cells in vitro and in vivo, and that activation of ERK or JNK promoted cell death, whereas p38 inhibited cell death. However, the effects of MAPKs on BNIP3-mediated necrosis or caspase-dependent apoptosis are not clearly understood. Here, we show that ERK, JNK, or p38 has distinctive effects on the upregulation of BNIP3 and activation of caspase-3. Inhibition of ERK suppressed BNIP3 expression and cleavage of caspase-3 induced by Cd, which indicates ERK participates in both BNIP3-mediated necrosis and caspase-dependent apoptosis. JNK only facilitates BNIP3-mediated cell death evidenced by findings that: (1) SP600125 partly prevented upregulation of BNIP3; (2) SP600125 had no effect on activated caspase-3. P38 decreases cell death by inhibiting activation of caspase-3, not by regulating BNIP3 expression. Thus, Cd induces BNIP3 expression and cell death through mechanisms of ERK and JNK activation. Several studies have reported how MAPKs regulate BNIP3 expression and cell death. Recently, a HIF-1-independent pathway regulating BNIP3 expression has been elucidated in pathological cardiomyocytes (Cao et al., 2013; Chaanine et al., 2012) . FOXO3 (forkhead box O3), a transcription factor which is activated by JNK, is responsible for BNIP3 gene expression in stressed cardiomyocytes (Chaanine et al., 2012) . Although originally described as a mediator of apoptosis, p38 has been found to have a function in rescuing cells from death induced by oxidative stress via complex pathways (Cai et al., 2011; GutierrezUzquiza et al., 2012) . It is unclear how MAPKs regulate BNIP3 expression and cell death induced by Cd in neuronal cells. Further studies are needed to address these issues.
In summary, the present study identified that BNIP3, upregulated by activation of ERK and JNK, mediates Cd-induced caspase-independent necrosis in neuronal cells. Together with the data from animal experiments, our results would be a basis for further extensive study of mechanisms in animal models and mechanisms-based therapeutic measures in Cd neurotoxicity.
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